The restriction endonuclease (RE) cleavage patterns of the DNA of herpes simplex virus (HSV) genital isolates from two geographically distinct groups and from one group of facial isolates were examined. Eleven of 21 genital isolates from females, 1 of 27 genital isolates from males and all 17 of the facial isolates were HSV type 1 (HSV-I). The groups of isolates of the same serotype could not be distinguished by significant differences in the frequency of variable restriction endonuclease sites or molecular weight of variable length fragments. Simultaneous consideration of two or more variable sites has disclosed some which are apparently correlated in the HSV-I isolates, and which could provide a useful marker for phylogenetic relationships. However, most pairs showed no correlation, while certain sites appeared more closely correlated in the genital than in the facial isolates. All 39 HSV-2 isolates could be distinguished from each other on the basis of a combination of variable RE sites and variable length fragments. BglII RE sites appeared less variable than other RE sites.
INTRODUCTION
The epidemiology and particularly the possible development of specialized substrains of herpes simplex virus types 1 (HSV-1) and 2 (HSV-2) is of interest, because of the recognized association of HSV with a variety of clinical disorders. For example, HSV-1 is the predominant serotype associated with common recurring facial lesions and in rare instances herpes encephalitis, whereas HSV-2 is most frequently associated with recurrent infection of the genital regions of adults and less frequently with generalized infection of neonates (Dundarov et al., 1980; Terni & Roizman, 1970) . A considerable body of evidence based both on serology and on molecular hybridization now suggests close association of HSV-2 with carcinoma of the cervix (Rawls et al., 1977; Dowdle et al., 1967; Naib et al., 1969; McDougall et al., 1980; Eglin et al., 1981) .
In epidemiological studies of HSV-1, the long-established serological and virological methods of survey and investigation have recently been supplemented by molecular biological approaches, namely analysis of electrophoreticaUy separated virus polypeptides from radioactively labelled virus and infected cells (Pereira et al., 1976; Lonsdale et al., 1979) and restriction endonuclease (RE) analysis of 32p-labeUed virus DNA from purified virus or from infected cells Hayward et al., 1975; Skate et al., 1975) . RE analysis has been used to demonstrate the uniqueness of overtly expressed (Hayward et al., 1975) or reactivated latent (Lonsdale et al., 1980 ) HSV-1 isolated from different individuals. It has also been used to establish the identity of separate isolates obtained from the same individual on different occasions or from different ganglion explants of the same individual; on the other hand, it has been employed to chart the course of a herpes outbreak in a hospital (Buchman et al., 1978) . The information obtained from these new investigative approaches is of considerable medical interest but, in addition, important points emerge concerning the nature and extent of genetic variability in HSV-1 (Buchman et al., 1980; Lonsdale et al., 1980) . S.M.J. CHANEY AND OTHERS At present, although antigenic variation of HSV-2 has been demonstrated (e.g. Seth et al., 1974; Amstey & Balduzzi, 1970 ) far less information is available about the existing natural variation in the characteristic restriction endonuclease cleavage sites or fragment size of HSV-2 genomes compared with that available for HSV-1 genomes. In this general context, critical comparison and quantitative evaluation of the large amount of information which arises from RE analysis of virus DNAs would be facilitated by a convenient systematic way of representing the data. It is relevant that variation in RE sites has been analysed in terms of polymorphisms (e.g. Brown, 1980; Kan et al., 1980; Denaro et al., 1981) and phylogenetic relationships (e.g. Adams & Rothman, 1982) .
This present study provides a quantitative comparison of the restriction endonuclease cleavage data obtained from two groups of HSV genital isolates and one of HSV facial isolates. The facial isolates and one group of genital isolates originated from Saskatchewan (Canada), while the other group of genital isolates came from Vancouver (Canada). All the facial isolates proved to be HSV-1. Although most genital virus isolates proved to be HSV-2, a considerable number were HSV-1, which allowed the RE cleavage maps of HSV-1 DNA from genital isolates to be compared with those from HSV-1 facial isolates.
METHODS

Herpes simplex virus.
The virus strains used were unpassaged clinical virus isolates obtained from the University Hospital, Saskatoon, Canada and from Vancouver General Hospital, Vancouver (Tables 1 and 2 ) and the standard Glasgow laboratory strains, HSV-1 17 and HSV-2 HG52 (Brown et al., 1973; Timbury, 1971) .
Restriction endonuelease analysis. All HSV strains were either used as received or were first grown into stocks by low-multiplicity infection of BHK cells. In most cases, virus DNA was prepared from stocks of the original isolates after one passage in BHK C 13 cells. Where checked, the RE profile obtained from such passaged virus was the same as that obtained from original unpassed isolates. Restriction enzymes were obtained from Bethesda Research Laboratories. DNA extractions, RE digests, electrophoresis and autoradiography were performed as described by Lonsdale (1979) .
A utoradiographs of HSV DNA restriction enzyme profiles were obtained for digests with BamHI, KpnI, BglII, EeoRI, HindIII in all cases, and in the isolates identified as type 1, with PvuII, XhoI and HpaI as well.
Electrophoresls was in agarose gels of the following concentrations.For BamFlI, PvuIi and XhoI digests, it was 1.2~; for HindlII, EcoRI and BgllI, 0.6~ and for HpaI and KpnI, 0-8% When appropriate, 4~ acrylamide gels were also run with BamHI digests. The interpretation of autoradiographs of restriction endonuclease-digested 32P-labelled DNA was based on the restriction endonuclease fragment nomenclature and maps of(i) HSV-1 strain 17 published by Wilkie (1976) , Wilkie & Cortini (1976) , and Wilkie et ai. (1978) and Saunders et al. (1982) , and (ii) HSV-2 HG52 (Cortini & Wilkie, 1978) . Comparative maps were constructed as described below.
The deviations from the standard HSV-1 strain 17 or HSV-2 strain HG52 profiles in the electrophoreticall 3 separated RE-digested DNA fragments usually can be divided into two classes: one class arises from gain or loss of a RE cleavage site (gain results in disappearance of a fragment and appearance of two new smaller fragments; loss results in disappearance of two adjacent fragments and appearance of a bigger fusion fragment). The second class arises from insertion or deletion of sequences, resulting in altered molecular weights and hence changed migration rates of corresponding fragments. It is convenient to consider the two types of variation separately.
Variation arising from gain or loss of restriction endonuclease site (~ariable RE sites).
Comparison of the virus isolate DNA profiles with the relevant standard strain (HSV-1 17 or HSV-2 HG52) may disclose bands which apparently have no counterpart in the standard strains, as well as standard strain bands missing from the experimental strain profile. Where a novel band is larger than two missing standard strain bands it is usually found that the mol. wt. of the novel band approximates to the combined tool. wt. of the two missing bands which are always contiguous in the physical maps. This indicates that the novel band originated through the loss of the relevant RE site between the two equivalent contiguous standard strain fragments (or that the standard strain had gained an extra RE site compared with the experimental strain). On the other hand, where a standard band is missing and two new bands appear of equivalent sum tool. wt. in the experimental strain profile, it is concluded that these bands result from the gain of an extra site in the experimental strain compared with the standard strain (or that the standard strain had lost a RE site compared with the experimental strain).
Frequently the situation is more complicated. For example when four bands differ between the experimental and standard strains two site differences should first be considered. It is sometimes observed that one band is missing but no additional bands appear. In these cases, it is always found that one of the other standard bands has increased in intensity in the autoradiogram, indicating an increase in the relative molar concentration of the in this and some other cases, reference to RE maps of HSV-1 Justin and HSV-1 F as described by Locker & Frenkel (1979) helps to clarify the situation. However, in a minority of cases (7 out of 53) the ambiguity cannot be resolved by inspection, e.g. HSV-I, PvulI site P7 and proof that the new bands have the same sequences as the old ones must await hybridization data.
Tabulation of REsite difference maps.
Each RE site which is variable (i.e. present in some isolates and absent in others) may therefore be identified by reference either to a site present in the standard strain, or to a newly defined site not found in the standard strain. For each restriction enzyme, the identified variable sites are numbered consecutively, from the left hand (prototype orientation) end of the map. Each variable site is thus described first by reference to the restriction enzyme and second, either in terms of the map position of the site in the reference strain, together with the code for the two fragments on either side of the site; or, for sites which are absent from the standard strain map, by giving the standard map location of the new site together with the code of the missing standard strain fragment and the approximate mol. wt. of the two newly generated fragments. Thus, for all the investigated restriction enzymes, a reference map is obtained for HSV-1 and for HSV-2 detailing the restriction enzyme sites which differ between strains of the same HSV type. All remaining sites identified in the standard strain should be taken as constant for all the isolates investigated.
Homologous fragments differing in size from one another.
When comparing strains, corresponding bands can frequently be observed to differ slightly in their relative rate of migration (Buchman et al., 1980) . The assumption generally made is that bands migrating with closely similar, though not identical, rates map in corresponding regions of the HSV genome. The evidence supporting this assumption derives from analysis with other restriction enzymes of fragments from the corresponding region of a genome. In some cases, e.g. the HSV-2 BamHI-digested profiles (Fig. 3) , there are three variable bands which migrate in the same region of the gel, corresponding to z, a' + y of HSV-2 HG52. In this case the darkest band is designated as corresponding to the z of HSV-2 HG52 because it is physically most closely associated with an overmolar L band in the short unique region (Delius & Clements, 1976; Sheldrick & Berthelot, 1974; . The overmolar concentration of some fragments in the short unique region is sometimes a feature of DNA extracted by this method. The y band is designated as the one closest to the position of the y fragment of HSV-2 HG52 and a' as the band closest to a' of HG52.
Estimation of molecular weights of variable length fragments. Fig. 1 shows a diagrammatic representation of two tracks from an agarose gel. One track contains digested DNA from an experimental strain, tile otfier from a standard strain. Three bands are shown, two of which (x and z) are not perceived to vary; the third (y) is the band of which the mol. wt. (Mwt) is required. The distance (in mm) between x (the larger, slower migrating band) and y is given as Ay, and the difference in tool. wt. between bands x and y as AMwt y. Similar notation is used to derive Az and AMwt z for the bands x and z. Values for the standard strain have the subscript s. The mol. wt. difference between bands x and y (AMwt y) is given by the expression:
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The derivation is shown in the legend to Fig. 1 , and assumes that the relation between mol. wt. and distance migrated approximates linearity in the region of the variable band's range. The advantage of this method as opposed to use of calibration curves is that it accommodates small differences of migration rate between tracks. Thus, by measuring the distances of a variable band with respect to two non-variable bands in the experimental strain and in the standard strain the approximate mol. wt. of the variable band has been calculated.
For some variable fragments, the mol. wt. could not be estimated in this manner, either because it was too large and the variation in migration rate too small to make a reasonably accurate estimate possible, or because the alteration in the mol. wt. resulted in the band's presumed disappearance behind another one.
Numerical analysis and statistics. BMDP Biomedical computer programs, University of California Press (1979), were used as described below.
Data for fragments of variable mol. wt. are given as the mean and standard deviation. Analysis of variance and product moment correlation coefficients were also calculated for the variable mol. wt. data using program P3D. In addition, an analysis of variance (t-test) was performed and the correlation coefficients calculated on coded values (presence of site = 1, absence of site = 2) for the variable restriction enzyme site data. Any values which were approximately significant were subjected to a 2 x 2 (chi-squared) contingency test (program P1F). The variance ratio, F, was calculated to establish significance levels for standard deviation of variable length fragments and for comparison of enzyme-specific variabilities (ESVs). In this latter case, F was calculated from the sum of the indices of variability (IV) (see below) for each enzyme. Cluster analysis using an average distance algorithm was performed by programs P2M and PKM.
Variability indices for variable RE site data. Assuming that the state of any variable site in a particular isolate is independent of the state of the corresponding variable site in any other isolate (almost certainly an oversimplification), then the relative frequency of one state (presence) of the RE site in the sample is given by P and that of the other state (absence) by Q such that P + Q = 1. PQ x 100 gives a measure of the variability more or less independent of sample size, and is here called the index of variability. For 29 isolates, the IV value for each variable site can take values from 3 to 25. The value 3 is obtained for a site when only one isolate differs in state from the other 28 isolates and thus identifies an uniquely variable site; 25 is attained when half the isolates are in each state at the site. This index is numerically equal to the variance of the relative frequencies × 100.
Data obtained with each RE are summarized by two indices: (i) the mean variability of variable sites (VV), which for each enzyme is the sum of the IVs for each variable site divided by the total number of different variable sites and (ii) the ESV of all sites, which for each restriction enzyme is given by the sum of the IVs divided by the total number of variable and non-variable sites The ESVs can be regarded as a rough measure of the appropriateness of the RE for molecular epidemiology studies. The greater the ESV, the more information per enzyme. The fragment nomenclature is that of Davison & Wilkie (1981) for the standard Glasgow strains HSV-I 17 and HSV-2 HG52. Data abstracted from these and similar gels are summarized as described in Methods, in the subsequent figures. Table 1 gives the variable RE site locations for all Canadian clinical isolates which proved to be HSV-1, namely all 17 facial lesion isolates, 11 of the 21 female genital isolates and 1 out of the 27 male genital isolates. Table  2 similarly gives the variable site locations for those 38 isolates which proved to be HSV-2. No data for PvuII or XhoI are shown, because no maps are available. For simplicity of representation, the non-variable sites are not shown. Table 3 shows the data obtained from the measurements of mol. wt. of the variable molecular weight fragments for both HSV-1 and HSV-2. Values are presented as the mean fragment length and standard deviation in kilobase pairs (kbp) for each fragment. The HSV-1 genome, in addition to the variation of RE fragments containing the reiterated regions and the short unique region (e.g. Barn z), has one additional area in the long unique region shown here as variation in the Eco 1 fragment. The HSV-2 genome has two regions of variability in the long unique region (Barn y and Bgl i) but none identified as entirely in the short unique region. The standard deviation is an indicator of the variation of fragment mol. wt. bearing in mind that measurements of a band (HSV-1 Barn c, 6.3 kbp) which was not perceived to vary yielded a (Cortini & Wilkie, 1978) . Lab.
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Genital Van .~" isolates 5, 10, 23, 26, 45, 45, 47, 36, 38, 32, 26, 30, 13, 16, 10, 4, Restriction analysis of HSV clinical isolates 367 standard deviation of about 0.030 kbp, which supplies some notion of the experimental error of measurement. As a rapid guide to Table 3 , standard deviation ratios of about 2 or greater are significant at the 0.1 ~o level. Scrutiny of Table 1 will show that every HSV-1 isolate can be distinguished from the others on the basis of the combination of variable RE sites. There are a total of 53 identified variable sites detected with the 8 REs checked. The average number of RE site differences between pairs of strains, taking into account all eight enzymes is about 10, although one pair of strains (738/1986) differs only by 2 RE sites (with 1/53 not evaluated), while another four pairs differ by 19 sites. The distribution of pairs of differences is shown by Table 4 . It should be noted that the 30 HSV-1 strains could also be distinguished from each other on the basis of the 30 XhoI, HpaI and PvulI sites alone but not on the basis of the five enzymes used to restrict the HSV-2 isolates. Table 2 shows that not all 39 HSV-2 isolates can be distinguished from each other purely on the basis of the variable RE site combinations identified with the five restriction enzymes, which were KpnI, EcoRI, HindlII, BamHI and BgllI. However, all the HSV-2 isolates could be distinguished from each other on the basis of the combination of variable length fragments together with the variable RE sites (result not shown), as could, for the same enzymes, the HSV-1 isolates. Table 5 shows the fraction of variable RE sites in HSV-I and HSV-2 isolates on an enzyme-byenzyme basis and also the mean variabilility of variable sites (VV = the sum of the IVs for each variable site divided by the total number of different variable sites), and the enzyme-specific variability of all sites (ESV = the sum of the IVs for each variable site divided by the total number of variable and non-variable sites). It is of interest that the BgllI sites of HSV-1 and HSV-2 appear to be less variable than the other RE sites.
A" comparison of the HSV-1 and HSV-2 data suggests (i) that the fraction of variable sites for five REs is consistently greater in HSV-1, (ii) that the VV and the ESV for BamHI and KpnI appear greater in HSV-1 than HSV-2, while the other enzymes appear about equally variable in both types, even though there is a marked difference in the variability of restriction endonuclease sites obtained with different enzymes. Variation in all of the variable length HSV-1 fragments has been observed before, both in cloned stocks of the same strain and when comparing different strains (although the extent of variation between strains is greater than that observed between clonally related stocks). It should be noted, however, that variation in the Barn y, Bgl i and Barn g fragments of HSV-2 has not previously been reported (Table 3) .
A comparison of the variation of variable length fragments in different parts of the genomes of HSV-1 and HSV-2 (Table 3) shows considerable variability between different fragments, with the standard deviation of fragment length varying over a 30-fold range. This suggests that more than one mechanism may be responsible for the observed site-specific variation. As the termini and the joint region of the HSV genomes have the highest standard deviations, we infer that variation both in the number of 'a' sequences and in the number of short tandem multiple repeats (Davison & Wilkie, 1981; Wagner & Summers, 1978) are involved.
An analysis of RE maps; epidemiological aspects
An analysis of variance was performed, using the BMDP statistics package program P3D, on both the RE site combination data and the data obtained from measurements of variable length fragments. The purpose was to determine whether there was any significant difference in the frequency of the presence or absence of any particular RE site, or in the length of any variable length fragment when comparing the following groups: for the HSV-1 experimental data, (i) facial lesion isolates versus genital isolates, (ii) Saskatchewan isolates versus Vancouver isolates; and for the HSV-2 experimental data, (iii) male versus female isolates, (iv) Saskatchewan isolates versus Vancouver isolates. No significant difference was found for (i) to (iv) in comparisons of either the RE site state or the variable length fragments.
There is a striking and also statistically highly significant (null hypothesis P << 0.01) difference in the proportion of HSV-1 virus isolated from male compared to female genital sites. The overall variability of the RE sites of HSV-1 and HSV-2 was compared by taking the average ESVs for those enzymes used on both HSV-1 and HSV-2 DNA; the F-ratio was calculated on the summed IVs obtained with these enzymes. RE sites of HSV-I are twice as variable as those of HSV-2 (P < 0.01).
t ND, Not determined. These data are summarized in Table 6 . Half (11 out of 21) of the isolates from female genitalia were HSV-t, whereas only 1 out of 27 isolates from male genitalia were HSV-I. It is of epidemiological significance that a proportion of genital isolates are HSV-1, and that HSV-1 is isolated in much greater frequency from females than males in the sample. This disparity may reflect behavioural differences, as isolates from females were obtained from presumptive heterosexuals, whilst a large proportion of the isolates from males came from known homosexuals. Previous studies, using different techniques, have found widely different frequencies of H SV-1 amongst genital isolates (Chang, 1977; Chang et al., 1974; Peutherer et al., 1981) .
DISCUSSION
Restriction endonuclease analysis of HSV DNA has the potential of providing a particularly useful and reliable means of characterizing virus isolates and of tracing isolate relationships, particularly for epidemiological purposes. The method could also provide a means of elucidating whether specific clinical manifestations, for example HSV encephalitis, are associated with identifiable virus subgroups. This presupposes that the rate of change of RE sites or variable length fragments is infrequent compared with the rate of evolutionary divergence of the specializing strains; for, where the DNA sequences involved undergo more frequent changes than any evolutionary divergence between strains, then neither the state of a RE site nor the length of a variable length fragment provide a valid measure of strain relatedness for random isolates.
The former situation might be expected to be the case since firstly laboratory strains show little fluctuation in RE sites upon random cloning (unpublished data quoted by Buchman et al., 1980) and, secondly, some of the fragments which vary between between clinical isolates, e.g. HSV-2 BamH! g and y, and BglII i, have not been observed to vary in cloned stocks (Lonsdale et al., 1980; Davison & Wilkie, 1981) .Thus, one might expect that the length of these sequences could help to define strain relatedness. However, we found no significant difference in the frequency of RE sites, or length of variable length fragments when comparing isolates from Saskatchewan and Vancouver, from facial lesions and genital infections; or from males and females. This suggests that either there are no real body-site-specific, or geographical locationspecific differences in relatedness between these groups of isolates or that if there are, then differences in restriction endonuclease site frequencies do not provide a sensitive enough measure, without having recourse to larger numbers of isolates. These possibilities may perhaps be distinguished in other disease manifestations, for example by a similarly detailed comparison between normal and encephalitis HSV-1 isolates from several different geographic locations. Absence of any obvious grouping of HSV isolates on consideration of RE sites or polypeptide profile variations has been observed before (Pereira et al., 1976; Lonsdale et al., 1979; Buchman et al., 1980) .
The change from presence to absence of a RE site (or vice versa) identified in several independent isolates may have arisen as a result of one single mutational base change or several independent mutational events. Assuming that genetic recombination makes no significant contribution, then conclusions about the phylogenetic relationships of the isolates are quite different if such change is thought to trace back to a single mutation, rather than that several separate events have caused the variation. For, if only one mutational event is the basis of the observed variation, then all the strains having the same sequence at the RE site would be phylogenetically more closely related to each other than to any isolate with the different sequence. But if a particular site change found in separate isolates resulted from different' (independent) mutational events, either as a result of recurrence of identical mutation or through mutation of another base in the RE site, then the independent isolates having the same site configuration cannot be held, per se, to form a closely related subgroup. In addition, if the site (or its lack) has arisen from a single mutational change, a rare event which has become fixed, one can not claim that the site is of higher mutability than others. In contrast, where changes of base sequence at the same site in different isolates are the result of independent mutational events then this represents a genuine intrinsically variable nucleotide sequence, compared with the sequence at constant sites. It is thus important to distinguish where possible between the two possibilities.
Consideration of a single variable site cannot distinguish between the two different possibilities. However, simultaneous consideration of two or more variable sites can. If the changes originated as a result of only one mutational event at each different site, then one would expect the presence or absence of particular sites to be correlated. However, any site where changes arose as a result of several independent mutational events would not be expected to show correlations. Were the sites correlated in one group, but not in the other, a group difference is indicated. Some of the total number of monitored sites may change frequently (relative to the phylogenetic distance between the isolates) and others less often.
For these reasons, the correlation coefficients between pairs of sites were determined, for the sites showing strong correlation should allow grouping of virus isolates according to the state of those sites. In addition, the correlation coefficients between sites within the various groups were also determined. Most of the pairs of sites showed no correlation, suggesting that the alteration in RE sites appears to be rapid in relation to the evolutionary distance between isolates (or that any linkage between the sites was destroyed by recombination). Some of the sites were apparently correlated in the HSV-1 isolates, i.e. site P1 and P3 (particularly in the Saskatchewan sample), and HPI, X3, B2 and P7 (Table 1) , and, in principle therefore the state of these sites could be used to determine a phylogenetically significant clustering of the strains. However, the HP1 site and the X3 site were almost completely negatively correlated, and are in close proximity to each other, and the recognition sequences of the enzymes HpaI (GTTAAC) and XhoI (CTCGAG), do not preclude that a single base change common to both RE sites could account for this. Moreover, neither P1 nor P3 were correlated with HP1, X3, B2 or P7 which could be expected on the evolutionary model. Using these sites (i.e. X3, HP1, B2, B6 and P7) the isolates may be clustered into two wellseparated groups and one rather heterogeneous intermediate group (not shown). These groups do not have a geographic or site of origin basis. Addition of other, less well-correlated sites into the clustering process results in progressively less significant clusters being produced. Until, when all the sites are considered, no very significant clusters are detectable (Table 4) , then those isolates having the fewest RE site differences may be considered most closely related. In addition, use of only the weakly correlated sites in the clustering process, excluding the strongly correlated sites, results in less well defined clusters different to those obtained with strongly correlated sites. Thus, while it may be possible to group these isolates into hypothetically phylogenetically related clusters on the basis of RE site differences, this result must be viewed with great caution until more isolates are examined.
Consideration of the correlated sites indicates a potentially significant difference between the genital and facial isolates. HP1, X3, B2, P7 and B6 appear to be more strongly correlated in the genital isolates than in the facial isolates.
It should, however, be borne in mind that because of the large number of correlation coefficients determined, some significant values would be expected by chance; moreover, the number of genital isolates is small, and additional isolates must be analysed before one can feel confidence in these detected correlations.
This work was initiated because well-documented clinical isolates from facial and genital regions from Saskatchewan and Vancouver became available for study through our clinical collaborators. The isolates provided the opportunity to make the various comparisons discussed above, but we must stress that the isolates had not been specifically collected for that purpose. Had we wished a priori to obtain material optimal for testing a specific hypothesis, for instance that geographically separated virus populations have distinct restriction endonuclease site distributions, we would clearly have chosen to sample widely separated populations expected to have had, for example, minimal long-term interpopulation contact.
